For undulatory swimming, fish form posteriorly traveling waves of body bending by 1 activating their muscles sequentially along the body. However, experimental 2 observations have showed that the muscle activation wave does not simply match the 3 bending wave. Researchers have previously computed the torque required for muscles 4 along the body based on classic hydrodynamic theories and explained the higher wave 5 speed of the muscle activation compared to the curvature wave. However, the origins 6 of other features of the muscle activation pattern and their variation among different 7 February 18, 2019 1/16 species are still obscure after decades of research. In this study, we use 3D 8 computational fluid dynamics models to compute the spatiotemporal distributions of 9 both the torque and power required for eel-like and mackerel-like swimming. By 10 examining both the torque and power patterns and considering the energy transfer, 11 storage, and release by tendons and body viscoelasticity, we can explain not only the 12 features and variations in the muscle activation patterns as observed from fish 13 experiments but also how tendons and body elasticity save energy. We provide a 14 mechanical picture in which the body shape, body movement, muscles, tendons, and 15 body elasticity of a mackerel (or similar) orchestrate to make swimming efficient. 16 45 negative torques both occupy half of the period all along the body, the decrease of the 46 EMG duration in carangiform swimmers remains an obscure phenomenon. 47 157 external power along the body is within the numerical error (< 5%). 158 Results and Discussion 159 Body movement and fluid flow 160 The free swimming speeds (U ) are 0.29 and 0.25 in nondimensionalized units for the 161 eel and the mackerel, respectively. The corresponding Strouhal numbers are 0.63 and 162 0.68. These values are consistent with previous numerical studies at similar Reynolds 163
How muscles are used is a key to understanding the internal driving of fish swimming. However, the underlying mechanisms of some features of the muscle activation patterns and their differential appearance on different species are still obscure. In this study, we explain the muscle activation patterns by using 3D computational fluid dynamics models coupled to the motion of fish with prescribed deformation and examining the torque and power required along the fish body with two primary swimming modes. We find that the torque required by the hydrodynamic forces and body inertia exhibits a wave pattern that travels faster than the curvature wave in both anguilliform and carangiform swimmers, which can explain the traveling wave speeds of the muscle activations. Most interestingly, intermittent negative power (i.e., power delivered by the fluid to the body) on the posterior part, along with a timely transfer of torque and energy by tendons, explains the decrease of the duration of muscle activation towards the tail. The torque contribution from the body elasticity further solves the mystery of the wave speed increase or the reverse of the wave direction of the muscle activation on the posterior part of a carangiform swimmer. For anguilliform swimmers, the absence of the changes mentioned above in the muscle activation on the posterior part is in line with our torque prediction and the absence of long tendons from experimental observations. These results provide novel insights into the function of muscles and tendons as an integrative part of the internal driving system, especially from an energy perspective, and highlight the differences in the internal driving systems between the two primary swimming modes. 17 In the undulatory swimming of fish, a backward-traveling wave of body bending is 18 formed to push against the water and generate propulsion. Muscle is the executor of 19 the neural control and the source of mechanical power in fish swimming. Therefore, 20 how muscles are used is a key question in understanding the control and mechanics of 21 fish swimming and has been under multidisciplinary research over the past decades. 22 Experimentally, muscle activation during swimming is measured using 23 electromyography (EMG) for various fish species [1] [2] [3] [4] [5] (Fig 1) . During steady 24 swimming, a common pattern emerges: the muscle elements are activated in the 25 manner of a wave traveling posteriorly, but this EMG wave travels faster than the 26 curvature wave [6] . As such, the phase difference between the curvature and EMG 27 varies along the body, known as "neuromechanical phase lags". Nonetheless, details of 28 the muscle activation pattern vary among species. For anguilliform swimmers such as 29 an eel, the speed difference is not large, and the duration of the muscle activation on 30 one side of the body is approximately half of the undulation period [3] . For 31 carangiform swimmers such as a carp, the propagation speed of the EMG onset is 32 much higher than that of the curvature wave, whereas that of EMG termination is 33 even higher, resulting in decrease of duration towards the tail [4] . The EMG activity, 34 together with muscle contraction kinetics, the strain and the volume of the active 35 muscle, can determine the absolute muscle power output along the body. With this 36 approach, Rome et al. [5] showed that for scup, the power is generated mostly by the 37 posterior part of the body.
Introduction

38
To understand the muscle activation patterns and underlying mechanical principles 39 of internal driving, researchers previously studied the internal torque and the 40 corresponding power required. The sign of the torque has been used to predict which 41 side of the muscle should be activated. Using theoretical models, namely resistive 42 force theory [7] , elongated body theory [8] , and 3D waving plate theory [9, 10] , 43 previous studies obtained torque waves that travel faster than the curvature waves and 44 qualitatively explained the neuromechanical phase lag. However, since positive and Another approach used to understand the internal driving in the coupled system is 48 to use neural control signals as an input and observe the kinematics emerging from the 49 coupling of internal driving, the body, and the external fluid. Using resistive force 50 theory and 2D computational fluid dynamics (CFD) with a prescribed uniform muscle 51 activation, McMillen et al. [11] and Tytell et al. [12] studied lamprey-like swimmers 52 and showed that the same muscle forces can generate body bending with different 53 wavelengths, corresponding to varying magnitudes of the neuromechanical phase lags, 54 depending on passive body properties such as stiffness. However, since the kinematics 55 emerge from the coupling of many components, this kind of approach may generate 56 kinematics that do not match the experimental observations; therefore, the approach swimmers [13] . Therefore, while qualitative explanations from the models are 63 reasonable, the errors in these predictions are hard to estimate. 
Model and Numerical Methods
71
Treating water as an incompressible viscous fluid and the fish as moving bodies with 72 prescribed deformations, we developed numerical 3D models of an eel and a mackerel 73 (see Fig 2) .
74
Body shape and kinematics 75 The carangiform body is modeled based on the actual anatomy of a mackerel, whereas 76 the anguilliform body is created from a lamprey computed tomography (CT) scan 77 (see [14] for details). Except for the caudal fin, other fins are neglected for the 
where s is the arc length measured along the fish axis 93 from the tip of the fish head, A(s) is the amplitude envelope of curvature as a function 94 of s, k is the wavenumber of the body undulations that corresponds to wavelength λ, 95 and ω u is angular frequency. We use the undulation period as the unit of time, so 96 ω u = 2π. The amplitude envelope A(s) for the anguilliform kinematics has the form 97 A(s) = a max e s−1 , where a max is the tail-beat amplitude. For carangiform kinematics, 98 the amplitude envelope has the form A(s) = a 0 + a 1 s + a 2 s 2 . The parameters for A(s) 99 were adjusted to fit the envelope of the movement of real fish observed in 100 experiments [8, 15] . The parameters used were a max = 11.41, and k = 2π/0.59 for the 101 anguilliform swimmer and a 0 = 1, a 1 = −3.2, a 2 = 5.6, and k = 2π/1.0 for the 102 carangiform swimmer. To avoid generating spurious forces and torques in the 103 interaction between the fish bodies and fluid, we added rotation and translation in the 104 body frame of the swimmers to ensure that the movement of the bodies without 105 external forces satisfied two conservation laws: linear momentum conservation and 106 angular momentum conservation (see S1 Appendix for details). The resulted 107 kinematics are shown in S2 Fig.   108 CFD and the fluid-structure interaction 109 The in-house immersed boundary method code used is capable of simulating 3D 110 incompressible, unsteady, and viscous flows in a domain with complex embedded 111 objects including zero-thickness membranes and general 3D bodies [16, 17] . The flow is 112 computed on a nonuniform Cartesian grid in x ′ y ′ z ′ coordinates. The fluid domain has 113 a size of 8.5 × 5 × 5, and a total of 620 × 400 × 400 ≈ 99 million points are used. The 114 grid is locally refined near the body with the finest spacing at 0.005 × 0.005 × 0.005. zero-gradient boundary condition is used at all other boundaries. 121 We considered the fluid-structure interaction in the plane of undulation. Because 122 the body of the swimmers is deforming, the governing equation for the angular degree 123 of freedom is d(Iω)/dt = T tot , where I is the moment of inertia, ω is the angular speed 124 of the body, and T tot is the total torque from hydrodynamic forces. Since the 125 deformation is prescribed, I andİ are known. Therefore, ω can be obtained by 
129
We set an initial swimming speed of 0.3 at the beginning of the simulation and 130 waited two full cycles for the swimmer to reach steady swimming. All the data 131 presented are collected from the third and fourth cycles. Since the swimming direction 132 is not perfectly aligned with the x ′ -axis of the computation grid, a new coordinate 133 system is used so that the swimming direction is aligned with -x, y is the lateral 134 direction, and the z-axis is the vertical direction. Vertical motion is neglected, but the 135 force magnitude in the z direction is only 9.3 × 10 −6 for the eel and 9.3 × 10 −5 for the 136 mackerel, which are less than 3% of the force magnitude in the forward direction. The 137 Reynolds number is defined as Re = U L/ν k , where U is the swimming speed, and 138 ν k = 1/15000 is the kinematic viscosity. Roughly speaking, if the lateral force from the fluid on a segment is in phase with the 181 negation of the segment velocity, it is a resistive-like force, and if the lateral force is in 182 phase with the negation of the acceleration of the segment, it is a reactive-like force. 183 We find that the phase of the observed lateral force on the body is closer to the phase 184 of the negation of the acceleration except near the snout tips and the tail for the 185 mackerel. In these regions, the phase of the lateral force is close to the negation of the 186 velocity. Roughly speaking, the forces on the fish are close to the predicted forces from 187 elongated body theory, but there are discrepancies when the shape changes are rapid.
188
Detailed discussions of the hydrodynamics underlying the force pattern are beyond the 189 scope of this paper. The torque required to overcome the hydrodynamic forces and body inertia in both 192 species exhibits a traveling wave pattern moving posteriorly with a higher speed than 193 the curvature wave ( Fig 5) . For the eel, the average speed of the torque wave (v T ) is for the eel is overall close to the phase of the reactive force, the internal torque and 233 power patterns are also similar to the patterns associated with pure reactive forces 234 (Fig 7, left column) . For the mackerel, the long wavelength of the curvature wave and 235 the concentrated force on the tail result in nearly synchronized torques on the body.
236
Because the force from the tail to the fluid is nearly in phase with the velocity, the 237 rate of change of curvature (κ) and the torque are also nearly in phase. As such, the 238 torque and power patterns are similar to the patterns associated with pure resistive 239 forces (Fig 7, right column) , and the internal power is nearly all positive.
240
Body viscoelasticity explains the wave speed variation of EMG
241
Previous bending tests and experiences in the handling of fish indicate that the torque 242 from the viscoelasticity of an eel body is significant but smaller than the torque 243 generated by muscles [19] . For carangiform swimmers, since no muscles exist behind the body, the torque from elasticity must be significant at least in the tail region.
246
However, an accurate in vivo measurement of the body viscoelasticity distribution is 247 not available. Therefore, here we discuss the trend of the influences of the viscosity 248 and elasticity individually when the elasticity or viscosity is small relative to the 249 torque from hydrodynamics and the body inertia (Fig 8) . 250 We assume that the magnitude of the torque from the body elasticity or viscosity increases. For the mackerel, the torque wave can even reverse when the phase shift 259 effect of the elasticity is strong. The reversal of the wave resembles the reversal of the 260 wave of the offset of the EMG observed for carangiform swimmers (Fig 1) . As a result 261 of the changes in the torque, the area of the negative power region in the posterior 262 part of the body decreases, and W + decreases ( Fig 6D) . This observation is consistent 263 with the findings of previous studies that suitable elasticity can save and restore 264 energy to improve efficiency (e.g., [20] ). For the eel, the effect of the speed increase 265 ends near s = 0.7 when the maximal curvature coincides with the minimal torque 266 without elasticity. Therefore, the energy storing and releasing for the eel is in the 267 middle part of the body (Fig 6B) . Since the body viscoelasticity of the eel is weak and 268 this effect is subtle, changes in the wave speed of the middle part of the torque wave 269 or EMG are not obvious. While local elasticity can transfer energy temporally, the spatial transmission of 278 energy can only be achieved by other structures. In animals, coupled joint articulation 279 by tendons over two or more joints is common and is an effective structure to save and 280 transfer energy [21] . For carangiform swimmers, long tendons exist that span over 281 many vertebra [22] . We hypothesize that these long tendons are used to transfer 282 energy from the posterior part to the middle part of the body when the negative 283 power appears on the posterior part ( Fig 6) . This hypothesis can explain the observed 284 decrease in the muscle activation duration among the carangiform swimmers, Fig 5B) , resulting in a low speed that is the same as that of the curvature 289 wave. The end of the positive power is aligned with the sign change in the torque (the 290 dashed lines in Fig 6B) , resulting in a high speed that is the same as that of the 291 torque wave. Such differences in wave speed qualitatively match the speed differences 292 of the onset and offset of the EMG. Note that this hypothesis does not contradict the 293 February 18, 2019 12/16 common view that force and energy are transmitted to the tail to interact with the 294 fluid. Actually, the torque is still required when the power is negative on the posterior 295 region and can be provided by the muscle in a more anterior position connected by the 296 tendon. This hypothesis is also consistent with the observation that the EMG 297 duration is nearly half of the undulation period on the whole body of anguilliform 298 swimmers, which do not possess long tendons [22] .
299
Error associated with Re 300 The low swimming speeds we observed (compared with those of real animals) are 301 likely due to the low Re used in our simulations. However, we argue that the results 302 are qualitatively representative for real adult fish. First, a meta-analysis of previously 303 reported fish swimming data indicates that the transition from the viscous regime to 304 the turbulent regime occurs at a Re of several thousand [23] . Second, even the eel 305 model in our study shows an inertia-dominated mode of swimming. Since the drag 306 coefficient decreases with increasing Re in general, the speed of the simulated 307 swimmer is expected to increase with increasing Re, and the contribution of the 308 resistive force is expected to decrease for a real adult eel.
309
Conclusion
310
Using 3D numerical models, we provide so far the most accurate prediction of the 311 torque and power required for hydrodynamic forces during the undulatory swimming 312 of fish. By considering the torque and power transfer by tendons and the body 313 viscoelasticity, we for the first time give explanations for some long-standing questions 314 in muscle activation patterns. Our study offers an integrative view of the function of 315 the muscles as part of the mechanical system, highlights the differences in the internal 316 driving of two primary swimming modes, and provides insights on the energy transfer 317 and saving mechanisms of fish swimming. The numerical models developed and the 318 mechanisms revealed in this study may guide the design of efficient bio-inspired robots, 319 especially soft robots with distributed driving systems and elastic bodies [24, 25] . 
